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Abstract 
Electron beam welding (EBW) became widely spread in the branches of mechanical engineering connected with manufacturing of aviation and 
aerospace equipment. At present time much attention is paid to increasing the quality of essential and highly-loaded components obtained by 
means of EBW. This requirement is closely connected with butt positioning accuracy of the manipulator output members included into an 
automatic electron beam production complex (AEBPC). The control algorithm of a manipulator output member positioning process is given in 
the paper for path following based on the developed mathematical model of accounting the kinematic and dynamical characteristics of 
manipulators included into an automatic electron beam production complex (AEBPC). The feature of the model is accounting the electron 
beam (EB) deviation from the ideal position based on manipulators errors. Inclusion of the simulation results into the control model of electron 
beam welding process will allow increasing the quality of weld joints. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The feature of the EBW is that the welding process and, consequently, the process of electron beam (EB) butt positioning is 
hard to observe visually [1, 2]. That is why the task of inspection over the output member position of a welding manipulator and a 
workpiece manipulator during the EBW is actual. It becomes especially important when the butt visualization is practically 
impossible, for example, in the process of welding inside a deep glass or from the internal surface of the weld component with
application of intrachamber electron beam gun (EBG).
High welding speed (up to 30mm/s), precision of the EBW process and limited capacity of visual inspection make it difficult 
for an operator to control both the welding process and the EB positioning process. A mathematical model was proposed for the 
positioning process based on accounting the errors of electromechanical part of the AEBPC in order to decrease “yaw” during the 
butt monitoring [3]. 
It should be noted that the existing automatic devices of beam butt positioning do not completely satisfy the modern 
requirements of accuracy and reliability of targeting the beam to the butt [3]. It occurs because of errors of electromechanical 
complex. That is why the task of research and development of new EB butt positioning models and creating on their basis the 
automation of inspection and systems of butt monitoring is actual. 
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2. Analysis of butt positioning process of manipulator output member during EBW 
The word «positioning» means passing the butt by the electron beam at path points with given accuracy. Accuracy of the path 
depends on kinematic and dynamical characteristics of welding gun (EBG) and component for which the value of total error is 
significant [4, 5]. That is why it is also necessary to take into account their mutual position and kinematic features in the process 
of performing the operating functions (Fig. 1). 
Fig. 1. Kinematic scheme of production equipment of AEBPC: 1 – welding gun manipulator; 2 – device for workpiece displacement; 3 – accuracy area; M1 –
center of EB heating spot; M2 – center of welding joint at some point. 
Location accuracy of EB focal heating spot at the butt of the weld components is determined by radius-vector   which is an 
accuracy sphere radius of the manipulator output member [6-8]. It is necessary to ensure coincidence of the points M1 and M2
according to the condition. 
givenrr 'd'   (1)
where ¨r is the allowable manipulator error; ¨rgiven is the maximum given error of path following.
Geometrical locus satisfying to (1) can be found on the base of determination of an accuracy sphere having radius ¨rgiven and 
center at the point M (Fig. 1). If end points M of output members of all manipulators do not belong to the received area of the 
accuracy sphere the value of which is determined by kinematic and inertial manipulator characteristics, then the position of the 
output member is corrected taking into account the value of total error of electromechanical complex of AEBPC. Analysis of the
obtained research results of kinematic and dynamical components of manipulator errors allowed refining the arising deviations of 
end-effectors end points from the given position during positioning of manipulators output members with account of acting 
forces, speeds and accelerations [9]. 
A generalized mathematical model of positioning the manipulator output member is proposed on the base of carried out 
analysis of factors influencing the accuracy of path following by the manipulator output member; it is described in the form: 
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where ¨r is the total manipulator error; ¨q is the error of control system and motor; įě and Jě are the kinematic error and dead 
stroke of the motion transformer correspondingly; ¨q' is the error caused by the mechanism compliance; ID is the dynamical 
invariant; v is the speed of manipulator output member; m is the mass of manipulator’s end-effector; fT.P. are parameters of 
technological process; Ʉ1…Ʉ4 are criteria of ensuring butt positioning accuracy of EB during EBW [10]. The degree of these 
0factors influence on the output member positioning accuracy is different and depends on characteristics of AEBPC equipment, 
its operational modes and parameters of EBW [11]. 
The total error of the manipulator ¨r is determined as:
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In order to determine the value of the dynamic error, it is proposed to obtain empirical dependencies of varying the 
displacement of the output member of the manipulator on obtained values of kinetic energy Ɍi determined at the i-th reference
point of trajectory according to Lagrange equation as: 
)f( idyn Ɍ '   (4)
where ¨dyn is the manipulator error related to its dynamic characteristics at research points i. 
The feature of the proposed model is analysis of positioning process of the output member during its motion along some 
spatial path with account of kinematic and dynamic properties of the system and the choice of corrective actions. 
3. Control algorithm of electron beam positioning during EBW 
High welding speed, deformation of the weld components during welding, arising errors of actuators, limited possibilities of 
visual inspection over the process of EBW make it difficult to control the process of EB butt positioning during EBW. That is 
why positioning should be controlled automatically on a real time basis. 
Fig. 2. Position of focal heating spot of EB on butt surface with account of design characteristics of the butt joint: dB – diameter of electron bunch; h – distance 
from the face of welding gun to the plane of weld joint – length of electron bunch; h’ – length of inclined to the angle ș electron bunch; H – thickness of the weld 
components; l – displacement of the heating spot center M when the electron beam axis has perpendicularity deviation;  ș – angle of incidence of the deviated 
bunch to surface of the weld item; M – heating spot center of electron beam; h1 – depth of penetration; L – length of weld joint; B – width of clearance at the 
butt; 1 – welding gun; 2 – weld item. 
Control algorithm of electron beam butt positioning includes the following stages: 
1. Building-up a kinematic diagram of manipulators, including: 
x carrying out the structural analysis of mechatronic motion modules (MMM) as a part of AEBPC; 
x determination of the number and types of motion transformers of each MMM. 
2. Determination of total error value of manipulator output member ¨rgiven on the base of building-up the kinematic and 
dynamical models (this value is set to be as a given/reference one). 
3. Reasoning and choice of design/reference points of the welding butt (i). 
4. Determination of the total error value at the i-th reference point. Analysis of the obtained value: determination of sign 
and direction of the surface radius-vector; 
5. Ensuring the criteria of positioning accuracy at the i-th point; 
6. Composing and check of the equation of the following type: ¨r İ ¨rgiven. 
7. Conclusion on ensuring the given positioning accuracy: 
7.1. If the inequality is true: transition to the (i+1)-th reference point; 
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7.2. If the inequality is false: determination of necessary correction value of output member position – solution of inverse 
kinematics problem at the given reference point. 
8. Repeating of steps 4-7 for all chosen reference points. 
Thus, the proposed algorithm allows determining the value and direction of EB deviations from position given by the program 
at each path point and correcting the output member position in accordance with the proposed model of manipulator errors 
accounting.
The control object is an electron beam the position of which is determined by EBG parameters and geometrical characteristics 
of the weld butt [12]. 
Physical model of the control object can be represented as follows: 
To control the process of EB positioning along the butt, the generalized mathematical model (2) is applied, describing the 
dependence of the EB location at its positioning along the butt at EBW on kinematic and dynamic characteristics of mechatronic 
motion module (MMM) of AEBPC: 
)(XY infM   (5)
where Y is the position vector of manipulator output member, taking into account the value of the total error of MMM and the 
desired position of the point Ɇ (R(q)desired), Y(R(q) desired);
Xinf is the vector of parameters influencing the accuracy of positioning the EB along the butt, Xinf (¨r, Ʉ2, Ʉ3, Ʉ4, Ʉ5);
ĳ is the operator of the system describing the relation between the pointed values.
Fig. 3 shows the structure of subsystem of controlling the EB positioning at EBW with feedback according to determined 
criteria of accuracy. 
Fig. 3. Information and control flows of the model of controlling the EB positioning (correction module is outlined by a dashed line). 
Here the criteria of accuracy Ʉ1-Ʉ5 can be described as a system: 
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4. Experimental investigation of positioning accuracy of manipulator output member at EBW  
Tasks of experimental investigation were: the development of experimental investigation technique (including the experiment 
planning), carrying out the experimental investigation of assurance of positioning accuracy of the manipulator output member 
based on the developed technique, and processing and analysis of the obtained experimental data. 
Carrying out the complete factorial experiment and further regression analysis allowed establishing the relation between the 
output member position and dynamic parameters of the manipulator of AEBPC, such as maximum linear velocity of the robot 
output member vmax (mm/s) and mass of load (EBG) mload (kg). Each of the factors was considered at two levels, upper and 
lower. The value of the total error of manipulator ¨r was determined numerically based on kinematic scheme of the manipulator,
its characteristics and calculated data according to the technique. The dependence of varying the EB deviation from the given 
position on the value of kinetic energy at the research point was determined experimentally and theoretically. 
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Three series of experiments were carried out to determine the accuracy of the output member: without applying the developed 
model, with account of kinematic error and with account of the total error of the manipulator (Fig. 4). 
Fig. 4. Position of the manipulator output member: axis X (value 0) is the given (ideal) trajectory; row 1 is the real trajectory, obtained by data from the sensor; 
row 2 is the trajectory, obtained by data from the sensor with account of the kinematic error; row 3 is the trajectory, obtained by data from the sensor with 
account of the total (kinematic and dynamic) error; row 4 is the calculated trajectory with account of the kinematic error; row 5 is the calculated trajectory with 
account of the total error of the manipulator. 
Processing the obtained experimental data allowed detecting and establishing the dependencies of varying the position of the 
manipulator output member from kinematic and dynamic errors of manipulator actuators at different levels of the chosen factors.
5. Conclusion 
It is established experimentally, that the account of the kinematic error reduces the positioning error of the manipulator output 
member by more than 1.2 times and the account of the total (kinematic and dynamic) error reduced the positioning error by 75%.
Within the experiment the average deviation of the output member from the given position was 0.176 mm at insignificant 
stabilization of the positioning process by 10%. The average divergence of data obtained by calculation according to the proposed 
mathematical model from the full-scale experiment is not more than 8%, thus indicating the enough accuracy of agreement of 
theoretical investigations and experimental data. 
1. The carried out analysis of positioning accuracy of welding manipulator output member resulted in determining the features 
of positioning process during EBW and obtaining its physical model as a control object. 
2. In the process of theoretical investigation the mathematical model of accounting the kinematic and dynamical errors of 
manipulators included in AEBPC was developed. The positioning process during EBW is controlled on the basis of this model. 
3. The proposed model and control algorithm realized in a subsystem of electron beam positioning control allow ensuring the 
given positioning accuracy during EBW. 
4. Modeling the EB positioning process according to developed models with account of kinematic and dynamic errors and 
experimental data are well correlated, the average data divergence does not exceed 8%. 
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